Wnt/MAPK signaling is a common variant of Wnt signaling in C. elegans and has been implicated in vertebrates. The sys-1 gene works with Wnt/MAPK signaling to control cell fates during C. elegans development. We report that the SYS-1 amino acid sequence is novel but that SYS-1 functions as ␤-catenin: SYS-1 rescues a bar-1/␤-catenin null mutant, binds the POP-1/TCF ␤-catenin binding domain, and coactivates POP-1-dependent transcription. Moreover, we provide genetic and molecular evidence that SYS-1 levels are crucial to POP-1 activity. Our results suggest that Wnt/MAPK signaling promotes POP-1 export from the nucleus to accommodate the limiting availability of its SYS-1/␤-catenin transcriptional coactivator. Discovery of SYS-1/␤-catenin extends our definition of ␤-catenins and brings together aspects of the canonical mechanism for Wnt signaling with the noncanonical Wnt/ MAPK mechanism. We discuss the idea that a similar pathway may be employed broadly in animal development.
. Surprisingly, sys-1(q544) is a silent mutation; since this allele is a strong loss-of-function mutation and its new codon remains a common one for C. elegans, we speculate that it may affect a tissue-specific exon splicing element. (C) SYS-1 armadillo repeats. Model cd00020 of the Conserved Domain Database (NCBI) identified three armadillo repeats in the SYS-1 amino acid sequence. Top line, SYS-1 arm repeats; bottom line, most common amino acids in cd00020. Black boxes, SYS-1 amino acids identical to most common amino acids in cd00020; gray boxes, SYS-1 amino acids included among acceptable amino acids in cd00020 but not most common. See Figure  S1 for additional information. (D) SYS-1 amino acid sequence comparisons. ClustalW (EBI) was used to align SYS-1 (accession number NP_492639) to homologs from C. briggsae and C. remanei (identified by BLAST), human β-catenin (accession number AAR18817), human plakoglobin (accession number AAA64895), mouse p120 (accession number NP_031641), armadillo (accession number NP_476666), BAR-1 (accession number NP_509206), HMP-2 (accession number NP_493566), WRM-1 (accession number NP_498236), worm p120 (accession number NP_502910), human α-actinin (accession number NP_001094), and human actin-associated protein (AAP) (accession number AAH32777). Hs, Homo sapiens; Mm, Mus musculus; Dm, Drosophila melanogaster; Ce, C. elegans; Cb, C. briggsae; Cr, C. remanei. Total aa, total number of amino acids in full-length protein; % id (% sim), percent identity (percent similarity); SYS-1(arm), SYS-1 armadillo repeat region (amino acids 457-586) and corresponding region of other proteins. In this paper, we report that SYS-1 is a novel protein containing three divergent armadillo repeats. Despite its uninformative amino acid sequence, we find that SYS-1 is a functional β-catenin, a discovery that suggests the existence of additional β-catenins not yet identified by sequence criteria. We propose a model in which Wnt/MAPK signaling reduces nuclear POP-1 to accommodate the limiting availability of its SYS-1/ β-catenin coactivator. Both genetic and molecular lines of evidence support this model. We discuss the idea that the SYS mechanism may be used broadly in animal development.
Results
The sys-1 Locus Encodes a Protein with Armadillo Repeats We identified T23D8.9 as the sys-1 locus by standard methods (see Experimental Procedures). The sys-1 gene encodes one major SL1 trans-spliced mRNA corresponding to the predicted transcript, T23D8.9a (see Experimental Procedures and Figure 1B) . Each of three sys-1 point mutations is associated with a molecular lesion, but none is likely to be null ( Figure 1B ). Only sys-1(os63) is predicted to alter the amino acid sequence. We therefore generated sys-1(q736), a 2.19 kb internal deletion ( Figure 1B) , which removes most of the coding region and shifts the reading frame to generate a premature termination codon. The sys-1(q736) deletion is embryonic lethal as a homozygote and failed to complement sys-1(q544) with respect to the Sys gonadal defect. We conclude that sys-1 corresponds to T23D8.9.
The predicted SYS-1 protein is composed of 811 amino acids. Using the Conserved Domain Database (CDD) from NCBI (Marchler-Bauer and Bryant, 2004), we found three predicted armadillo repeats in SYS-1 (amino acids 457-586) ( Figure 1C) . A similar analysis of armadillo repeats in known β-catenins is provided for comparison ( Figure S1 ). We next used BLAST to identify related proteins. The only homologs were in closely related nematodes, C. briggsae (CBG03820) and C. remanei ( Figure 1D ). Sequence comparisons between SYS-1 and known β-catenins or other armadillo-repeatcontaining proteins revealed no convincing relationship ( Figure 1D) . Therefore, SYS-1 is a novel protein. Figure 3D ). Finally, we assayed truncated versions of SYS-1 and found that most of the protein was required for its interaction with POP-1 (Figure 3E . We found luciferase expression to be low or undetectable in cells transfected with the reporter plasmid alone or with the reporter plus plasmids encoding either POP-1 or SYS-1 singly; however, robust expression occurred when the reporter was transfected together with both POP-1-and SYS-1-encoding plasmids ( Figure 3F ). The ability of POP-1 and SYS-1 to promote reporter expression required the TCF binding sites: no expression was seen using the 8×FOPFLASH promoter that has defective TCF binding sites ( Figure 3F ). We conclude that SYS-1 stimulates POP-1/TCF to activate transcription. Figures 4B and 4C diagram predictions of the model. One prediction is that a decrease in already limiting amounts of wild-type SYS-1/β-catenin will decrease transcriptional activation by POP-1 ( Figure 4B) . A second prediction is that an increase in wild-type SYS-1/ β-catenin will ectopically transform POP-1 into its activated state ( Figure 4C ). We have tested both predictions in nematodes and by the TOPFLASH reporter assay in tissue culture cells.
SYS-1 Can

Model
SYS-1 Dosage Controls Cell Fate
To test the idea that SYS-1/β-catenin may be a limiting coactivator of POP-1/TCF, we examined the effect of changing sys-1 gene dosage on cell fate. The wild-type To decrease sys-1 dosage, we examined heterozygous animals that possessed one wild-type sys-1 gene and one putative sys-1 null mutation. The mutation employed was the sys-1(q736) internal deletion, hereafter called sys-1(0) (Figure 1B) . A significant fraction of sys-1(0)/+ heterozygotes made only a single DTC instead of the normal two DTCs (10%, n = 82) ( Figure 5B ). This result confirmed previous results with sys-1(q544) or qDf14, a deficiency that removes multiple genes, including sys-1 (8% and 10%, respectively) (Siegfried et al., 2004). Therefore, sys-1 is a haploinsufficient locus, consistent with the idea that SYS-1 is present at a limiting concentration.
To increase sys-1 expression, we generated transgenic animals carrying a hs::SYS-1 transgene (sys-1 cDNA driven by a heat shock promoter). Without heat shock, animals carrying hs::SYS-1 had no extra DTCs (0%, n = 107), but after heat shock, many had extra DTCs (55%, n = 110) ( Figures 5B, 5E , and 5F). The production of two or more extra DTCs correlated with loss of the anchor cell ( Figure 5F ). Therefore, an increase in sys-1 expression leads to an increased ability of SGPs to generate daughters with distal fates and a decreased ability to generate daughters with proximal fates.
We also analyzed the ability of hs::SYS-1 to drive extra DTCs in animals treated with RNAi to deplete POP-1, WRM-1, or LIT-1 ( Figure 5B ). After heat shock, the hs::SYS-1 transgene specified virtually no DTCs in pop-1(RNAi) animals, but it generated more DTCs than normal in wrm-1(RNAi) and lit-1(RNAi) animals ( Figure  5B ). Control experiments confirmed RNAi treatment to be effective: in the absence of heat shock, the animals made virtually no DTCs ( Figure 5B) . We conclude that the ability of hs::SYS-1 to drive extra DTCs does not require WRM-1 or LIT-1 but does require POP-1.
In summary, a decrease in sys-1 gene dosage drives distal cells toward the proximal fate (consistent with the prediction in Figure 4B) , and ectopic SYS-1/β-catenin expression drives proximal cells toward the distal fate (consistent with the prediction in Figure 4C ). larly high after transfection using 125, 250, or 500 ng of each plasmid but was not seen at 50 ng ( Figure 6A ). This experiment defined the working range that we used to vary relative abundance.
SYS-1/␤-Catenin
We then increased POP-1 relative to SYS-1. The SYS-1-encoding plasmid was transfected at a limiting concentration (either 125 or 250 ng) together with an excess of the POP-1-encoding plasmid (500 ng). In each case, excess POP-1 lowered expression when compared to equally transfected controls ( Figure 6B ). We finally compared reporter activation with transfections maintained at a high level of POP-1 (500 ng) but increasing levels of SYS-1 (125, 250, and 500 ng). When SYS-1 was transfected at a low level, reporter expression was low; when transfected at an intermediate level, expression was intermediate; and when transfected at a high level, expression was high ( Figure 6C) . We conclude that the relative levels of the POP-1-and SYS-1-encoding plasmids are crucial for TOPFLASH reporter expression. The simplest explanation is that more POP-1 than SYS-1 lowers expression and that increasing the number of POP-1/SYS-1 complexes leads to a corresponding increase in transcriptional activation. β-catenin-like properties will rely on functional assays rather than amino acid sequence. that SYS-1 abundance is critical for POP-1 activity. We emphasize that the model put forward is only one relatively simple possibility. The amount of available active SYS-1/β-catenin may be governed by some other mechanism, including sequestration or posttranslational modification.
Discussion
Wnt Signaling Variants in C. elegans
The classical view of the Wnt pathway is that signaling facilitates formation of a β-catenin/TCF complex, which then activates transcription (reviewed in Waltzer and Bienz, 1999; Willert and Nusse, 1998). And the classical mechanism for facilitating formation of that complex is the regulated stabilization of β-catenin (reviewed in Waltzer and Bienz, 1999; Willert and Nusse, 1998). This work provides a different mechanism by which Wnt signaling can ensure transcriptional activation by a β-catenin/TCF complex. By this different mechanism, the amount of TCF transcription factor is reduced in the nucleus to accommodate the limiting availability of its β-catenin coactivator. sys-1 Cloning and Transcript Analysis sys-1(q7) was mapped by standard methods; transgenic rescue identified T23D8.9, and zygotic RNAi (Herman, 2001) to T23D8.9 generated Sys progeny. To identify sys-1 molecular lesions, T23D8.9 DNA was amplified from sys-1 homozygotes and sequenced from at least three independent PCR products for each allele. To confirm identification of sys-1(q544) as a silent mutation, we sequenced DNA from the strain mutagenized to generate q544 and from a fog-3 mutant obtained in the same mutagenesis; both were wild-type. Based on standard cDNA analyses and Northern blots, sys-1 encodes one major SL1 trans-spliced transcript corresponding to T23D8.9a. In yeast two-hybrid assays, we used PJ69-4a for pDE290 and L40 for others. After transformation, multiple independent TRP + LEU + colonies were transferred to SC -TRP -LEU media and grown at 30°C until OD600 reached 0.5. Five microliters of a 1:5 dilution of each culture were then seeded onto SC -TRP -LEU and SC -TRP -LEU -HIS +20 mM 3AT (3-amino-1,2,4-triazole) plates to select for HIS reporter expression. lacZ expression was assayed using Beta-glo system (Promega). At least four independent transformants were tested for each strain. Luciferase was measured using the Wallac MicroBeta Trilux liquid scintillation counter (Perkin Elmer).
Is the SYS
Plasmids and Other Molecular Methods
For coimmunoprecipitations, we used HEK293 T cells (provided by T. Compton, University of Wisconsin-Madison); details available upon request. To assess POP-1 and SYS-1 for transcriptional activity, we used NCI-H28 cells (ATCC) and standard procedures (Usami et al., 2003) . Briefly, transfected cells were harvested after a 48 hr incubation, and samples were analyzed using Dual Luciferase Reporter Assay System (Promega). Raw data for luciferase were normalized using data obtained from transfection control renilla luciferase.
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